Employing 20 race 2-susceptible tomato cultivars, the effect of validamycin A (VMA) treatment on the disease severity (DS) of Fusarium wilt (race 2), salicylic acid (SA) concentration, and plant injury index (PT) was examined. Statistical analysis of the obtained results suggested a negative correlation between the amount of SA and DS without VMA treatment, and between PT and DS with VMA treatment. PT with VMA treatment was positively correlated with the amount of SA with/without VMA treatment. Moreover, the possibility of the rapid screening of plant activators using phytotoxicity as a marker of plant-activator-sensitive cultivars was suggested. The intensity of enhanced systemic acquired resistance (SAR) may depend on the genetic background of each cultivar and its quantity of SAR gene expression.
Introduction
Soilborne diseases, such as Fusarium vascular wilt, are of great concern in sustainable vegetable production systems. Pre-plant soil fumigants, such as methyl bromide, which have a broad spectrum of activity, have been used extensively to protect plants from pathogens inhabiting the soil; however, methyl bromide production and application were to be phased out by the year 2005 in developed countries to prevent ozone depletion. 1) In order to replace methyl bromide and to maintain high levels of disease control, the development of alternative methods to control soilborne diseases is desired.
Validamycin A (VMA) provides excellent control of rice sheath blight caused by Thanatephorus cucumeris (anamorph, Rhizoctonia solani). 2, 3) Validoxylamine A (VAA)
is an aglycone of VMA, and has been known as an inhibitor of trehalase. 4) VMA is thought to be deglucosidated to VAA in treated rice plants, which inhibits trehalase in the hyphal tips of T. cucumeris, leading to the shortage of utilizable carbohydrates such as glucose in the hypha. 4) Foliar sprays of VMA or VAA controlled solanaceous bacterial wilt caused by Ralstonia solanacearum and cabbage black rot caused by Xanthomonas campestris pv. campestris, which were also due to their trehalase inhibitory activity. 5, 6) Recently, we have found another mode of action of VMA and VAA. Despite the lack of fungicidal and fungistatic activities against Fusarium oxysporum, a foliar spray of VMA or VAA controlled tomato wilt caused by F. oxysporum f. sp. lycopersici. 7) VMA and VAA were also effective against a wide range of diseases on tomato such as powdery mildew caused by Oidium sp. and late blight caused by Phytophthora infestans. In VMA or VAA-treated tomato tissues, salicylic acid (SA) accumulated, and PR genes such as P4 (PR-1), Tag (PR-2), and NP24 (PR-5) were expressed at high levels, indicating that VMA and VAA were inducers of systemic acquired resistance (SAR) in tomato. Ishikawa et al. (2005) concluded that VMA and VAA functioned as plant activators in tomato because they fit the criteria of plant activators [8] [9] [10] ;
Control efficacy of validamycin A against Fusarium wilt correlated with the severity of phytotoxic necrosis formed on tomato tissues however, no direct evidence to prove that the control on Fusarium wilt of tomato by foliar spray of VMA or VAA is due to SAR induction in tomato tissues has been presented to date. Moreover, we have found that foliar sprays of VMA or VAA under certain conditions resulted in phytotoxicity (PT) on tomato such as necrosis on petioles (Fig. 1) . We hypothesized that control efficacy against Fusarium wilt, the magnitude of SAR, and/or extent of chemical injuries caused by foliar spray of VMA or VAA might vary among tomato cultivars, each of which carries a different genetic background. Analyzing these correlations may reveal their mode of controlling Fusarium wilt. In this study, we examined the efficacy of VMA or VAA in controlling Fusarium wilt, quantified SA in tissues with/without VMA treatment, and evaluated PT induced by VMA treatment on twenty cultivars of tomato, and analyzed their correlations. 
Materials and Methods

Chemicals
Validamycin A ([1S-(1a,4a,5b,6a)]-1,5,6-trideoxy-4-O-b-D- glucopyranosyl-5-(hydroxymethyl)-1-[[4,5,6-trihydroxy-3- (hydroxymethyl)-2-cyclohexen-1-yl]amino]-D-chiro-inositol- 1 L -(1,3,4/2,6)-2,3-dihydroxy-6-hydroxymethyl-4- [(1S,
Fungal strains and culture conditions
Fusarium oxysporum f. sp. lycopersici (Sacc.) Snyder & Hans. race 2 isolate 880621a-1 (ϭJCM 12575; FOL) 11) was used in this study. FOL was maintained on potato dextrose (PD) agar (PDA; Difco, Detroit, MI, USA) at 28°C. FOL was cultured on PD broth (PDB; Difco) at 28°C with a reciprocal shaker (120 strokes per minute) for 4 days, and a spore (bud cell) suspension adjusted to 1 to 2ϫ10 7 spores/ml was used as the inoculum. 12, 13) A mixture of 3 liters of sterilized soil and 150 ml of inoculum was used as infested soil.
Plant materials
The tomato (Lycopersicon esculentum Mill.) cultivars used in the experiments are listed in Table 1 . Tomato seeds were sown in sterilized soil in 9-cm plastic pots, and maintained in a growth chamber with light/dark intervals of 16 hr light (20,000 lux) at 28°C and 8 hr darkness at 25°C for 14 to 28 days until VMA or VAA treatment.
Chemical application and inoculation test
For the small-scale test, 100 mg/ml of VMA or VAA, or water as the control, was sprayed with an air-powered sprayer at 78 kPa onto the foliage of 28-day-old tomato, usually 7 days before challenging with the pathogen. After a few hours of drying the foliar surfaces at ambient temperature, the tomato plants were maintained in the growth chamber.
Tomato plants were inoculated with FOL as described by Takahashi et al. (2005) . 13 ) Briefly, the roots were partially cut by inserting a plastic peg into the soil and 5 ml of the inoculum was poured into the soil. The same plant growth conditions were used before and after inoculation. Twenty-eight days after treatment, the disease severity evaluated as 0-4 7, 13) in each plant was recorded and the mean value was calculated as the DS of the treatment.
For the large-scale test, 18-day-old tomato seedlings were sprayed with VMA solution at 100 mg/ml in the same manner as above and transplanted into 200 cm 2 pots (1/5000 are Wagner pot, Kiya Seisakusho, Kawagoe, Saitama, Japan) filled with soil infested with FOL 10 days after treatment. 12, 13) The same plant growth conditions were used before and after inoculation. DS on each plant was recorded 50 days after transplant as described above and the mean value was calculated as the DS of the treatment.
Assessment of phytotoxicity (PT)
In order to examine the PT of VMA on tomato cultivars, 14-day-old tomato seedlings were sprayed with 100 mg/ml of VMA solution and maintained in a growth chamber with light/dark intervals of 16 hr light (20,000 lux) at 33°C and 8 hr darkness at 25°C. Ten days after VMA application, the severity of generated chemical injuries such as necrosis on the stems or petioles of each plant, was recorded according to the following indexes: 0, no visible phytotoxicity; 0.5, slight browning; 1, stem browning; 2, stem necrosis; 3, death of the whole plant, and the mean value was calculated as the PT of the treatment.
Extraction and HPLC quantification of endogenous salicylic acid (SA)
The foliage of 28-day-old tomato plants was sprayed with Twenty-eight-day-old tomato plants in 9 cm pots were sprayed with water, 100 mg/ml VMA or 100 mg/ml VAA, and was followed with pathogen (Fusarium oxysporum f. sp. lycopersici race 2 isolate 880621a-1; FOL) inoculation 7 days later. Final disease assessments were made on 56-day-old plants. Six plants were used in each treatment. All cultivars carry resistance against race 1 but not race 2 (I i-2).
b)
1, Sakata Seed, Yokohama, Japan; 2, Takii Seed, Kyoto, Japan; 3, Takayama Seed, Kyoto, Japan; 4, Musashi Seed, Nerima, Tokyo, Japan.
c)
Vessel browning was evaluated in the following percentages: 0, healthy; 1, 25% browning; 2, 50% browning; 3, 75% browning; 4, 100% browning (Takahashi 2005) , and the mean values of six samples are presented as disease severity with the standard error.
d)
Phytotoxicity index was scored recorded according to the severity of necrosis formed in the tomato stem: 0, no visible phytotoxicity; 0.5, slight browning; 1, stem browning; 2, stem necrosis; 3, death of whole plant.
e)
The letters following the numbers indicate significant difference by the post-hoc multiple comparison test, i.e., Tukey's honestly significant difference (HSD, pϽ0.05). "ns" means "not significant."
VMA at 100 mg/ml or water as a control. The plants were maintained in a growth chamber with light/dark intervals of 16 hr light at 28°C and 8 hr darkness at 25°C after treatment. As SA in tomato (cv. Odoriko) tissues reached a peak 5 days after foliar treatment, 7) one to two grams of treated leaves were collected from each plant 5 days after treatment, and soaked in a 10 times their volume per weight of 2% acetic acid, and warmed for 10 min in boiling water to extract SA. 7) The extract was injected into a C-18 column (Shim-Pack CLC-ODS; Shimadzu, Kyoto, Japan) and eluted with 50% methanol containing 0.05% phosphoric acid at the rate of 1 ml/min at 40°C to detect and quantify SA using a fluorescence detector (Ex. 290 nm, Em. 402 nm).
7)
Statistical analysis
All statistical analyses were carried out with JMP software version 5.0.1J (SAS Institute Japan, Tokyo, Japan). Significant effects were investigated by the post-hoc multiple comparison test, Tukey's honestly significant difference (HSD, pϽ0.05). Correlations between the amount of SA in the leaves, DS, and PT were examined in pairwise combination.
Results and Discussion
Efficacy of validamycin A (VMA) or validoxylamine A (VAA) against Fusarium wilt on tomato cultivars
Twenty tomato cultivars grown extensively in Japan were evaluated for their responses to VMA or VAA for the control of Fusarium wilt (Table 1) . A foliar spray of VMA or VAA at 100 mg/ml seven days before inoculation reduced DS on most cultivars tested. With a foliar spray of VMA, more than 80% control was obtained on cvs. Sekaiichi, Okitsu 3, and LS-89 (Table 1) . VMA exhibited less than 30% control on cvs. ShinSekaiichi, Reishu, Homare 114, Zuiko 208 and Vulcan. Six susceptible cultivars were used in a large-scale pot test, in which the single foliar spray of VMA (100 mg/ml) before transplanting into infested soil controlled Fusarium wilt effectively (Table 2) . On all cultivars, VMA controlled the disease over 77%. In particular, VMA treatment exhibited excellent efficacy, more than 86% control of the disease on cvs. First Power, Momotaro, House-Momotaro, Sun Road and HouseOdoriko.
Phytotoxicity (PT) of VMA on tomato cultivars
On some cultivars, VMA treatment induced PT such as necrosis on petioles or stems; however, the injuries were never very severe (0.0-1.38 of 0-3). The average severity observed on each cultivar is shown in Table 1 . VMA generated relatively severe necrosis on cvs. LS-89, Okitsu 3, Joint, Reishu and Zuiko 102. On the other hand, cvs. Shin-Sekaiichi and Zuishu showed no visible necrosis during the two experiments conducted in this study.
Accumulation of salicylic acid (SA) in tomato leaves
The amount of SA in the leaves of water-sprayed tomato plants varied from 0.11 to 0.60 mg/g fresh weight depending upon the cultivar (Table 1) . In all cultivars used in this study, the amount of SA was increased by spraying VMA, and the ratio of SA in VMA-treated tomato to that in water-sprayed 86 R. Ishikawa et al.
Journal of Pesticide Science Fig. 2 . Correlations of disease severity (DS) of Fusarium wilt in tomato cultivars between water, 100 mg/ml validamycin A (VMA), and 100 mg/ml validoxylamine A (VAA) spray. The contour in each graph is bivarient density ellipse (pϭ0.95). **, pϽ0.01; *, 0.01ϽpϽ 0.05. For details, see Table 1 . 
Correlation analysis of disease severity (DS) between VMA-and VAA-treated tomato cultivars
DSs on tomato cultivars treated with VMA positively correlated with those treated with VAA (Fig. 2) . The slope was approximately equal to the molecular weight of VAA over that of VMA (0.674). This might show that VMA had the same mode of action as VAA to control tomato Fusarium wilt by foliar spray.
Correlation analyses between disease severity (DS), SA accumulation and phytotoxicity (PT) in water-, VMA-sprayed tomato cultivars
The correlations between DS, the amount of SA, and PT in tomato cultivars with/without foliar treatment with VMA at 100 mg/ml were examined and bivariate plotting was carried out between the factors (Table 3 and Fig. 3 ).
The amount of SA in water-sprayed tomato leaves negatively correlated with the DS of water-sprayed tomato cultivars (rϭϪ0.498, pϽ0.05). This negative correlation suggested that the amount of SA in the tissue is involved in the native resistance against F. oxysporum f. sp. lycopersici of each cultivar (Fig. 3, Table 3 ).
The amount of SA in water-sprayed tomato leaves positively correlated with the amount of SA in VMA-sprayed tomato (rϭ0.672, pϽ0.01) and PT in VMA-sprayed tomato (rϭ0.572, pϽ0.01). This indicated that tomato cultivars that constitutively accumulate more SA in the tissue tended to accumulate more SA by VMA treatment, resulting in higher Vol. 32, No. 2, 83-88 (2007) Correlation between efficacy of Fusarium wilt and severity of necrosis 87 control efficacy against F. oxysporum f. sp. lycopersici (Fig.  3 , Table 3 ). The positive correlation between the amount of SA and PT in VMA-treated tomato suggested that the accumulation of SA enhanced by VMA treatment was involved in necrosis formation. The negative correlation between DS and PT in VMAtreated tomato suggested that the induction of resistance and necrosis shares common mechanisms. This also suggested the rapid screening of plant activators using phytotoxicity as a marker of plant-activator-sensitive cultivars.
A foliar spray of VMA or VAA on tomato induced several SAR molecular markers such as the accumulation of SA and expression of PR protein genes in tomato leaves 7) ; however, it has not been clarified if SAR is induced in the roots of VMAor VAA-treated tomato, so far, because we did not detect SA or mRNA of acidic PR-protein genes in root tissues. We have been interested in whether the control efficacy against F. oxysporum f. sp. lycopersici by VMA or VAA is due to SAR induction. In this report, we found a negative correlation between SA accumulation and DS on VMA-treated tomato. This indirectly suggested that SAR was involved in the control of Fusarium wilt by the foliar spray of VMA.
Chemical injuries generated by the treatment of plant activators are often a constraint on the practical application of plant activators in plant protection. 7) The negative correlation between DS and PT in VMA-treated tomato suggested that SAR induction and chemical injuries are the result of common chemical recognition and/or signal transduction systems in tomato.
